In this study, we defined the signaling cascade responsible for increased eNOS mRNA expression in response to laminar shear stress. This pathway depends on the tyrosine kinase c-Src because shear induction of eNOS mRNA is blocked by the c-Src inhibitors PP1 and PP2, as well as an adenovirus encoding kinase inactive c-Src. After activation of c-Src, this pathway diverges. One arm is responsible for the short-term (6 hour) increase in eNOS mRNA. This involves a transient, 1-hour increase in eNOS transcription, as detected by nuclear run-on, that is dependent on activation of Ras and is blocked by adenoviral infection with dominant negative Ras. Downstream of Ras, MEK1/2 and ERK1/2 are important in this pathway, as 2 inhibitors of MEK1/2, PD98059 and UO126, completely prevented this early increase in eNOS mRNA. ERK1/2 was rapidly phosphorylated in response to shear, and this was prevented by c-Src and Ras inhibition. Further, Raf is phosphorylated in response to shear stress, and this is prevented by c-Src inhibition, suggesting that Raf may transduce the signal between Ras and ERK1/2. The second arm of the pathway linking activation of c-Src to eNOS expression involves stabilization of eNOS mRNA by shear stress. This response to shear is completely abrogated by the c-Src inhibitor PP1 but not altered by Ras or MEK1/2 inhibition. Thus, c-Src plays a central role in modulation of eNOS expression in response to shear stress via divergent pathways involving a short-term increase in eNOS transcription and a longer-term stabilization of eNOS mRNA. (Circ Res. 2001;89:1073-1080.) Key Words: endothelial nitric oxide synthase Ⅲ c-Src Ⅲ ERK1/2 Ⅲ Raf Ⅲ mRNA stability
W hen first identified, eNOS was considered a constitutively expressed enzyme. During the past several years, however, it has become evident that its expression is regulated by a variety of stimuli. 1 One of the most physiologically important of these is laminar shear stress, the tangential force exerted by flow over the surface of the endothelium. Areas of the vasculature exposed to high shear are protected from the development of atherosclerosis, whereas areas exposed to low shear are prone to atherosclerotic lesion formation. 2 It is thought that increases in eNOS caused by shear may contribute to this phenomenon because of the many antiatherogenic properties of nitric oxide (NO · ).
In vivo, exercise training increases eNOS expression, probably by increasing shear stress. 3 To date, the mechanisms linking mechanical forces like laminar shear to gene expression have remained poorly defined. Shear stress is known to activate numerous intracellular signaling molecules, including tyrosine kinases (in particular c-Src), G-proteins, PI-3 kinase, the mitogen activated protein kinases (MAPK) extracellular-related kinases 1 and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), and protein kinase C. 4, 5 How these interact and relate to increases in eNOS expression remains undefined.
There is also evidence that shear stress may increase activity of the eNOS promoter through transcriptional regu-lation of the eNOS gene, but this has only been demonstrated using studies of promoter-luciferase constructs. 6 To date, there has been no evidence of posttranscriptional regulation of eNOS mRNA by laminar shear stress, although many other stimuli seem to modulate eNOS expression by changing its mRNA stability. 7, 8 The present study was performed to examine specific mechanisms responsible for increased eNOS expression in response to shear stress. Given the documented effect of shear on activation of c-Src, we began by examining a potential role of this tyrosine kinase. Subsequently, we found that eNOS expression is modulated by a pathway involving c-Src activation of Ras/Raf and ERK1/2 to increase the transcription rate and a pathway dependent on c-Src but independent of Ras/Raf/ERK to increase mRNA half-life.
Shear Apparatus
A cone-in-plate viscometer with a 1°angle was used to shear cells. 10 All shear studies used a shear rate of 15 dynes/cm 2 and were performed in an incubator at 37°C in 5% CO 2 . The culture medium was changed to 5% FCS the night before the experiments. Cells were pretreated with the indicated agent in media containing 5% FCS for 1 hour prior to shear.
Assessment of eNOS Expression
Northern analyses and nuclear run-ons were performed as previously described. 11
Assessment of MAP Kinase Activation
Western analysis for ERK1/2 was performed using a 1:1000 dilution of a polyclonal antibody against either total or phosphorylated ERK1/2 (New England Biolabs) as well as a 1:5000 dilution of a secondary goat anti-rabbit antibody conjugated to horseradish peroxidase (Bio-Rad, Hercules, Calif). Western analysis for Raf was performed using a 1:1000 dilution of either a polyclonal antibody against phosphorylated Raf (New England Biolabs) or a monoclonal antibody against total Raf (Transduction Laboratories) as well as a 1:5000 dilution of a secondary goat anti-rabbit antibody or a goat anti-mouse antibody (Bio-Rad) conjugated to horseradish peroxidase.
Materials
PD98059, UO126, 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB), and PP2 were obtained from Calbiochem. PP1 was obtained from Biomol. All drugs were dissolved in DMSO and the resulting stock solutions 0.2 mol/L filtered before use. Adenoviruses containing either the ␤-galactosidase cDNA or a cDNA encoding a kinase inactive c-Src were a generous gift of Dr Bradford C. Berk (University of Rochester, NY) and were prepared as described previously. 12 The adenovirus containing dominant negative Ras (RasN17) was a generous gift of Dr Craig D. Logsdon (University of Michigan, Ann Arbor, Mich) and was amplified in the same manner as c-Src KI . Estimates of viral titer were determined using absorbance at 260 nm as described previously. 13 
Results

Laminar Shear Stress Causes an Early Increase in eNOS mRNA Transcription and a Sustained Stabilization of eNOS mRNA
Six hours of laminar shear stress resulted in a 4-to 5-fold increase in eNOS mRNA ( Figure 1A ). Steady state levels of mRNA are dependent on both the rate of mRNA transcription and decay. To determine if endogenous eNOS gene transcription was increased by shear, cells were sheared for 0 to 6 hours and transcriptional rate was measured using nuclear run-on analyses. At only 1 hour of shear was an increase in eNOS mRNA transcription rate appreciable ( Figure 1B ); after this, eNOS transcription rate was similar between sheared and nonsheared cells ( Figure 1B) .
To examine the effect of shear on eNOS mRNA stability, cells were either exposed to shear or static conditions for 6 hours. After this, the RNA polymerase inhibitor DRB was added to the media and cells harvested for Northern analysis at the times indicated. In unsheared cells, the eNOS mRNA half-life was approximately 5 hours. This value is similar to that previously reported. 11 In contrast, laminar shear stress increases the eNOS mRNA half-life by more than 3-fold ( Figure 1C ).
Role of c-Src in Induction of eNOS mRNA by Shear
Shear stress has been shown to activate the tyrosine kinase c-Src within seconds in a calcium-dependent fashion. 12 Because of its role in signaling and mechanical force transduc- Figure 1 . A, Northern analysis illustrating the effect of 6 hours of laminar shear stress on eNOS mRNA expression in BAECs. Cells were exposed to either no shear or 15 dynes/cm 2 of shear stress for 6 hours. Top, Representative blot for eNOS mRNA; middle, corresponding 28S band; bottom, grouped densitometric data (meanϮSEM) from 4 separate experiments. Asterisks indicate significant difference from static (**PϽ0.01, t test). B, Nuclear run-on analysis demonstrating an increase in eNOS gene transcription after 1 hour of laminar shear stress. Nuclei harvested from BAECs after 1 to 6 hours of 15 dynes/cm 2 of laminar shear stress and 1 to 6 hours of static conditions were incubated with 32 P-UTP and unlabelled ATP, CTP, and GTP in reaction buffer for 30 minutes at 30°C. Transcripts containing equal amounts of radiolabel from each group were hybridized to membranes previously slot-blotted with cDNAs for eNOS, ␤-actin, and vector DNA (2 g each).
Hybridization was allowed to proceed for 36 hours at 68°C. Left, Representative blot of the significant time point; right, grouped densitometric data (meanϮSEM) for all time points from 3 separate experiments. Asterisks indicate significant difference from unsheared (***PϽ0.001, Dunnett's test after 1-way ANOVA). C, DRB-chase experiments to examine changes in eNOS mRNA half-life in response to shear. BAECs were exposed to static or exposed to 15 dynes/cm 2 of laminar shear stress for 6 hours before addition of DRB (60 mol/L). The cells were then harvested at the time points indicated and Northern analyses performed to determine the rate of eNOS mRNA decay in each group. Top left, Representative blot for eNOS mRNA; bottom left, corresponding 18S bands; right, grouped densitometric data (meanϮSEM) from 4 separate experiments.
tion, we examined the importance of c-Src in induction of eNOS mRNA expression by shear stress. Pretreatment of BAECs for 1 hour with the Src family inhibitors PP1 (10 mol/L) and PP2 (10 mol/L) had no effect on baseline eNOS mRNA levels. In contrast, PP2 significantly attenuated and PP1 completely abolished the increase in eNOS mRNA caused by shear ( Figure 2A ).
To further address the role of c-Src in modulation of eNOS expression in response to shear, adenoviruses were used to overexpress either ␤-galactosidase (␤-gal) or a kinase inactive c-Src (c-Src KI ). For these studies, the virus was diluted (50 plaque-forming unit (PFU)/cell) in serum-free medium and exposed to cells for 2 hours. Serum was then added to achieve a final concentration of 5% and experiments performed 46 hours later. BAECs treated with ␤-gal responded to shear by increasing eNOS mRNA by 2.6-fold. In contrast, cells infected with c-Src KI had no increase in eNOS mRNA in response to shear ( Figure 2B ). Lower concentrations of the c-Src KI also inhibited eNOS expression caused by shear, albeit to a lesser extent (data not shown).
Role of c-Src Activation of Raf
It has been shown that c-Src can activate the Raf cascade in other systems. 14 We therefore considered the possibility that Raf may be activated by c-Src in response to shear in endothelial cells. Cells were pretreated with either PP1 (10 mol/L) or media alone for 1 hour and sheared for 15 minutes. Pretreatment with PP1 had no effect on the basal phosphorylation of Raf but completely prevented the shearinduced phosphorylation of Raf to below baseline levels ( Figure 3A ).
Role of Ras in eNOS mRNA Induction by Shear
In many cases, Raf and Ras are both required to activate downstream components such as MEK and ERK1/2. 15 Because c-Src inhibition prevented Raf phosphorylation, we hypothesized a role for Ras in eNOS mRNA induction by shear. To test this hypothesis, cells were treated with adenoviruses containing either ␤-gal or dominant negative Ras (RasN17) in a similar fashion as the c-Src KI experiments. BAECs treated with the ␤-gal adenovirus responded to 6 hours of laminar shear by increasing eNOS mRNA levels about 3.2-fold. Treatment of cells with RasN17, however, completely prevented the increase in eNOS mRNA in response to shear at this early time point ( Figure 3B ).
Role of ERK1/2 Activation in Regulation of eNOS mRNA Expression
As reported previously, 16 we found in preliminary experiments that shear stress resulted in a rapid phosphorylation of ERK1/2. This occurred as early as 1 minute after onset of shear and peaked at 15 minutes (data not shown). To determine if ERK1/2 activation by shear was dependent on c-Src, cells were pretreated for 1 hour with PP1 (10 mol/L) and then exposed to shear for 15 minutes. Treatment with PP1 abolished the shear-induced phosphorylation of ERK1/2 but had no effect on basal phosphorylation of ERK1/2 or total levels of ERK1/2 ( Figure 4A ). Further, pretreatment of BAECs for 1 hour with the RasN17 adenovirus resulted in a complete inhibition of ERK1/2 phosphorylation whereas treatment with the lacZ virus did not ( Figure 4B ).
Because our data indicate a role of c-Src and Ras/Raf in both eNOS mRNA upregulation and ERK1/2 phosphorylation by shear stress, we examined the role of ERK1/2 activation in regulation of eNOS mRNA. BAECs were pretreated with either PD98059 or UO126 for 1 hour and were then exposed to shear stress for 6 hours. At this early time point, both PD98059 and UO126 completely abolished the upregulation of eNOS mRNA in response to shear stress without affecting the basal levels ( Figure 4C ).
Numerous other downstream targets of c-Src have been described that could potentially mediate the effect of laminar shear on eNOS expression. These include p38 MAPK, 17 various isoforms of protein kinase C, and PI-3 kinase. 18 In preliminary experiments, we found that specific inhibition of these pathways with Wortmanin (100 nmol/L, to inhibit PI-3 kinase), SB202190 (10 mol/L, to inhibit p38 MAP kinase), and GF109203X (1 mol/L, to inhibit protein kinase C) had no effect on either the phosphorylation status of ERK1/2 or eNOS mRNA expression (data not shown).
Role of c-Src/Ras/ERK Pathway in Regulation of eNOS Transcription
Our data have shown that eNOS mRNA upregulation by laminar shear stress is in part due to a transient increase in transcription rate. Activation of ERK may result in activation of several transcription factors including SP-1 19 and AP-1, 20 for which numerous binding sites are found in the eNOS promoter. 21 To determine if c-Src, Ras, and ERK1/2 regulate eNOS transcription, nuclear run-on analysis was used. Pretreatment of BAECs with the c-Src inhibitor PP1 for 1 hour completely prevented the increase in transcription rate caused by 1 hour of laminar shear stress ( Figure 5A ). In contrast, pretreatment the lacZ virus did not inhibit the increase in eNOS transcription rate (2.5-fold). In addition, exposure of cells to RasN17 adenovirus completely inhibited the tran- showing the effect on Raf phosphorylation and eNOS mRNA expression by shear stress. A, Cells were pretreated with media alone or PP1 (10 mol/L) for 1 hour and either held static or exposed to 15 dynes/ cm 2 of laminar shear for 15 minutes. Cells were harvested in 1ϫ sample buffer and Ϸ15 g were loaded in a 12.5% SDS-polyacrylamide gel. Proteins were then transferred to a nitrocellulose membrane and probed with antibodies for phospho-specific Raf (A, top) or total Raf (A, middle). Bottom, Grouped densitometric (meanϮSEM) data from 4 separate experiments. Asterisks indicate significant differences from shear alone (*PϽ0.05, Dunnett's test after 1-way ANOVA). B, Cells were pretreated with lacZ or RasN17 (50 PFU/cell for 48 hours) to inhibit endogenous Ras and then exposed to 15 dynes/cm 2 Western and Northern analysis illustrating the effect of ERK1/2 phosphorylation inhibition on shear-induced eNOS mRNA expression in BAECs. A, Cells were pretreated with adenoviruses encoding either lacZ or RasN17 (50 PFU/ cell for 48 hours) and exposed to 15 dynes/cm 2 for 15 minutes. Western analysis was performed using a phospho-ERK1/2 specific antibody and the representative blot from 4 separate experiments is shown. B, Cells were pretreated with media alone, PD98059 (PD, 50 mol/L), UO126 (UO, 50 mol/L), or PP1 (10 mol/L) for 1 hour and either held static or exposed to 15 dynes/cm 2 of laminar shear for 15 minutes. Western analysis was performed using antibodies for phospho-specific ERK1/2 (B, top) and total ERK1/2 (B, middle). Bottom, Grouped densitometric (meanϮSEM) data from 4 separate experiments. Asterisks indicate significant differences from shear alone (**PϽ0.01, Dunnett's test after 1-way ANOVA). C, Cells were pretreated with media alone, PD98059 (50 mol/L), or UO126 (50 mol/L) for 1 hour and then exposed to 15 dynes/cm 2 scriptional increase caused by 1 hour of shear ( Figure 5B ). Finally, pretreatment of BAECs with PD98059, the MEK1/2 inhibitor completely inhibited eNOS transcription in response to shear stress ( Figure 5C ). These data indicate that the c-Src/Ras/ERK pathway modulates eNOS mRNA by increasing the rate of transcription of the gene.
Role of c-Src/Ras/ERK Pathway in Regulation of eNOS mRNA Stability
Our data suggest that a major component of the steady state upregulation of eNOS mRNA by shear stress is the result of prolonged mRNA stabilization. To determine if the pathway that modulates eNOS transcription in response to shear also affects mRNA stability, additional DRB-chase studies were performed. Pretreatment of endothelial cells with the c-Src inhibitor PP1 significantly attenuated the response of shear on eNOS mRNA half-life reducing it from Ͼ18 hours to under 10 hours, compared with 6 to 7 hours in static cells ( Figure  6A ). In contrast, pretreatment of BAECs with either the MEK1/2 inhibitor PD98059 or the RasN17 adenovirus had no effect on eNOS mRNA stabilization by shear stress ( Figures  6B and 6C ).
Effect of Long-Term Shear on eNOS Expression During c-Src and MEK1/2 Inhibition
The pervious data suggest that shear activates eNOS transcription transiently, and that this involves a pathway involving Raf/Ras/MEK/ERK but this pathway is not involved in stabilization of the eNOS mRNA. We hypothesized that prolonged shear, in excess of the normal eNOS half-life, would increase steady state levels of eNOS even in the presence of MEK1/2 inhibition. As shown in Figure 7 , eNOS mRNA levels were increased 2.6-and 3.8-fold in cells 1 hour, B) , or adenoviruses encoding lacZ or RasN17 (50 PFU/cell, 48 hours, C). The cells were then exposed to no shear or sheared at 15 dynes/cm 2 for 6 hours before the addition on DRB (60 mol/L). Cells were then harvested at the time points indicated and Northern analyses performed to determine the rate of eNOS mRNA decay in each group. Shown are representative blots for eNOS mRNA, the corresponding 18S bands, and grouped densitometric data (meanϮSEM) from 4 separate experiments. The dotted lines (C) indicate lacZ mRNA levels.
exposed to shear stress for 12 or 18 hours, respectively, even in the presence of PD98059. In contrast, cells exposed to 12 or 18 hours of shear in the presence of PP1 had no change in eNOS mRNA levels.
Discussion
Although it well established that shear stress upregulates eNOS mRNA and protein expression, the signaling pathways that mediate this response have for the most part remained unidentified. In this study, we identified two pathways involving c-Src that lead to a transient increase in eNOS mRNA transcription and prolongation of the eNOS mRNA half-life. The increase in mRNA transcription is dependent on a pathway involving Raf, Ras, and ERK1/2, whereas the stabilization of eNOS mRNA is independent of these. Thus, c-Src leads to increased eNOS expression in response to shear via 2 divergent pathways, one leading to a transient increased eNOS expression and a second leading to a prolonged stabilization of eNOS message.
Shear stress has been shown to increase transcription of several genes. Many of these genes contain a shear stress response element (SSRE), with the core sequence GAGACC. 22 Several such elements are found in the bovine and human eNOS promoter. Of note, as we found in the case of eNOS, the increase in transcription of several other genes in response to shear is very transient. 23, 24 The prolongation of the eNOS mRNA stability in response to shear therefore seems critical in allowing sustained expression of eNOS in response to shear stress. In many ways, the combination of an early increase in transcription and a prolongation of mRNA stability seems analogous to a loading dose, followed by a maintenance dose of a medication to obtain rapid and sustained levels of a drug. Increased levels of a drug can ultimately be achieved without a loading dose if treatment is sustained for a sufficient length of time. Indeed, in the case of eNOS, we found that prolonged shear stress (18 hours) increased its mRNA levels even when the pathway leading to increased transcription was blocked. On first inspection, these two pathways may seem redundant, but one should not discount the importance of the early increase in transcription. For example, brief episodes of exercise may predominantly increase eNOS expression via the rapid, transcriptionmediated pathway.
One of the earliest signaling events in response to laminar shear in the endothelium is activation of tyrosine kinases. 25 The tyrosine kinase c-Src is activated within seconds after onset of shear and in turn causes phosphorylation of the tyrosine kinase Flk-1. 26 Our data strongly implicate c-Src as a mediator of eNOS expression in response to shear stress. Both c-Src inhibitors PP1 and PP2 markedly attenuated the increase in eNOS mRNA in response to shear. Further, treatment with an adenovirus encoding kinase inactive c-Src completely prevented the effect of shear on eNOS expression, without affecting basal levels of eNOS mRNA. Our data do not exclude a role for inhibition of c-Src dephosphorylation. Indeed, shear stress has been shown to alter the endothelial cell redox state and several lines of evidence suggest that redox stress can inhibit tyrosine phosphatases, 27 which could in turn augment the effect of c-Src activation. In prior studies, we could not prevent the increase in eNOS expression in response to shear using antioxidants. 9 The current experiments strongly suggest a role for Raf and ERK1/2 as being downstream of c-Src in modulation of eNOS mRNA transcription by shear stress. This is similar to many previously described pathways where c-Src has been shown to activate the Raf/MEK/ERK cascade. 25, 28, 29 Inhibition of MEK1/2, the upstream activator of ERK1/2, with PD98059 30 and UO126 31 completely blocked the shearinduced eNOS mRNA upregulation at 6 hours. We also demonstrated that Raf phosphorylation, a critical step in this process, was prevented by c-Src inhibition with PP1. This pathway, and ERK1/2 in particular, may represent the final component activated by laminar shear stress leading to an increase in eNOS transcription.
Of note, it has been shown that PD98059 and UO126 may also inhibit MEK5 activation in response to epidermal growth factor. 32 Further, it has been shown that shear stress can activate MEK5/ERK5 in endothelial cells. 33 In order to exclude a role of MEK5/ERK5 in shear induction of eNOS mRNA, cells were treated with a dominant negative MEK5 adenovirus (DNMEK5A, a generous gift of Dr J.D. Lee). Of note, there was a slight increase in basal phosphorylation of ERK5 in the DNMEK5A treated cells. This increase in basal phosphorylation of ERK5 was not associated with an increase in basal eNOS message. Further, the DNMEK5A completely blocked phosphorylation of ERK5 in response to shear. In fact, shear caused a slight decrease in ERK5 phosphorylation in these cells. In spite of this, shear still produced a 2.5-fold increase in eNOS mRNA in DNMEK5A-treated cells that Figure 7 . Northern analysis illustrating the differences between short-and long-term shear on eNOS mRNA expression. BAECs were pretreated with media alone, PP1 (10 mol/L), or PD98059 (50 mol/L) for 1 hour and exposed to 15 dynes/cm 2 was identical to that observed in control cells infected with only a lacZ virus (data not shown). In addition, shear stress-induced increase in ERK5 phosphorylation has been shown to be insensitive to c-Src inhibition using both PP1 and c-Src KI . 33 Given these results, it is very unlikely that MEK5/ ERK5 play a role in regulation of eNOS transcription in response to shear stress.
From our studies, it also appears likely that c-Src activates the MAPK pathway at the Ras/Raf level, and not via cross talk from other pathways. In preliminary studies, we found that inhibitors of p38 MAPK, JNK, and PI-3 kinase had no effect on phosphorylation status of ERK1/2 or eNOS mRNA expression (data not shown). Interestingly, PI-3 kinase has been shown to be important in acute second-to-second regulation of eNOS activity by shear in a phosphorylationdependent manner. 34 Our data, however, suggest that this pathway does not modulate the long-term expression of eNOS mRNA in response to shear.
The mechanisms whereby shear and c-Src modulates eNOS mRNA transcription and stability will require substantial additional study. In preliminary studies, we have found that shear stress increases expression of a chimeric eNOS promoter/chloramphenicol acetyltransferase reporter construct transfected into BAECs, and that this is completely inhibited by PP1, PD98059, and UO126. This confirms our nuclear run-on analyses and directly demonstrates that shear activates the eNOS promoter in a c-Src-and MEK-dependent fashion. Regulation of mRNA stability is very complex and often involves mRNA/protein interactions. Recently, we have identified 2 cytosolic proteins that bind to the eNOS mRNA 3Јuntraslated region that act as destabilizing proteins. 8, 35 In preliminary studies, it does not appear that binding of either of these is regulated by shear stress. Previous reports have described a role of the SH3 domain of c-Src in recruiting mRNA-binding proteins. 36 -38 However, it is also conceivable that phosphorylation of an mRNA binding protein by c-Src or an upstream effector might alter its activity. Furthermore, it is also possible that this c-Src might modulate expression of relevant RNA binding proteins.
In summary, these studies have identified a crucial role of c-Src in regulation of eNOS expression in response to shear stress. Activation of c-Src seems to lay upstream of 2 divergent pathways, one leading to a transient increase in eNOS transcription and a second leading to prolonged stabilization of eNOS mRNA. These pathways seem complimentary in that they allow for both short-and long-term changes in eNOS mRNA expression. Finally, these data stress the importance of the tyrosine kinase c-Src as a modulator of unidirectional laminar shear stress in the endothelium.
